, similar to what is found in most plant Myb-domain Application of the ''essential dynamics'' method to the NMR proteins. R2 and R3 are sufficient for sequence-specific cluster of structures for the R2R3 DNA-binding domain of the high-affinity DNA binding (1). The NMR structure of mouse c-Myb transcriptional activator is described. Using this the R2R3 Myb domain of c-Myb complexed to DNA method, large concerted fluctuations of atoms are extracted has been solved, providing fundamental experimental showing a hinge-bending motion between the two (R2 and R3) evidence on the way Myb domains bind DNA: The two Myb repeats on the basis of NMR data alone. Molecular dynam-Myb repeats are joined by a flexible linker and the ics simulation of the same protein allowed quantitative compari-second and third helices of each Myb repeat adopt heson of the large concerted motions calculated from experimental lix-turn-helix motifs (3), similar to those found in and theoretical data, showing a significant degree of similarity. other DNA-binding domains, such as the l repressor Detailed inspection of the motions reveals a conserved proline and the POU domain [discussed and compared in (3, that plays a key role in determining hinge flexibility. The proline-4)]. The third helix of each Myb repeat interacts with to-alanine mutation at this position, which has previously been the DNA bases in the major grove (3). Most DNA-concharacterized biochemically, was subjected to molecular dynam-tacting residues in this third helix are necessary for ics and subsequent essential dynamics analysis. The hinge-DNA binding. However, they are not sufficient to probending motion between the two repeats was found to be envide the different DNA binding specificities determined hanced for the mutant. The approach described should have for different Myb domains (3, 5). The importance of general applications, predicting the effect of mutations on prothe linker region between the two Myb repeats became tein dynamic properties of other proteins. ᭧ 1998 Academic Press evident only recently, when changes in conserved residues were shown to affect DNA binding dramatically (6). Moreover, the insertion of three alanines in the linker of v-Myb completely abolishes DNA binding Proteins containing the Myb DNA-binding domain, (Grotewold, unpublished results), indicating that not originally identified in vertebrate Myb oncoproteins, only the sequence, but also the length of the linker is have been found in most eukaryotes, from yeast to important for DNA binding activity. Whether the plants and animals (1, 2). Mouse and human c-Myb linker is important for allowing the Myb repeats to proteins play fundamental roles in cell cycle control position themselves in different orientations on the and in the proliferation and differentiation of hemopoi-DNA, as was shown for the structurally related POU etic cells, and are believed to act as transcriptional domain (7, 8) or whether its role is to provide enough regulators. Most Myb domains are composed of two or flexibility for docking of the two Myb repeats on the three tryptophan-rich repeats (the Myb repeats), each DNA is not known. It also remains unclear if the struccontaining three a helices. Whereas the protooncogene ture of the R2R3 Myb domain in solution is identical c-myb encodes a protein with three Myb repeats (R1, to the structure of R2R3 bound to DNA, since a struc-R2, R3), oncogenic forms (v-myb) contain only R2 and ture for the free R2R3 domain is not available (9, 10).
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Here we describe how molecular dynamics simulations and essential dynamics analyses of NMR structures 1 To whom correspondence should be addressed. Fax: (516) 367-can be used to describe the large conformational fluctu-8873. E-mail: aalten@cshl.org.
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the dynamic effects of a mutant in the linker region. lecular dynamics trajectories were used [e.g., (13, 15) ], METHODS but more recently crystal structures (17) of a family of closely related proteins and clusters of NMR structures Essential Dynamics (18) have been successfully used. Here, we quantitatively compare the eigenvectors derived from molecular The essential dynamics (ED) method, similar to the dynamics (MD) simulations with those calculated from single-value decomposition method (11, 12) , is based the cluster of the Myb-domain NMR structures. on the diagonalization of the covariance matrix, built A useful enhancement of the essential dynamics from atomic fluctuations relative to their average positechnique is the ''combined analysis'' method (14). MD tions, trajectories of similar systems (e.g., a wild-type protein and a mutant) are concatenated to form one large tra-
[1] jectory, from which the covariance matrix is built and eigenvectors are extracted. These eigenvectors indicate where x represents the x, y, z coordinates of the atoms, directions (concerted fluctuations of atoms) that are and »x… the average positions of the coordinates, calcu-common in all separate trajectories used. Two properlated over all structures after they have been superim-ties can be investigated by projecting the separate traposed onto a reference structure to remove overall jectories on these common eigenvectors: translational and rotational motions. Any subset of atoms is suitable for this analysis. Normally, however,
• Structure: The average projection indicates the avonly Ca or backbone atoms are used since these subsets erage structure of each particular trajectory along each capture most of the conformational changes in the pro-eigenvector. This can be used to identify possible differtein (13, 14) . The covariance matrix is diagonalized, ences in conformation. yielding a set of eigenvalues and eigenvectors. The ei-
• Dynamics: The mean square fluctuation in the progenvectors are directions in a 3N-dimensional space jection indicates the dynamic behavior of the system (where N is the number of atoms), and motions along along the direction described by the eigenvector. This single eigenvectors correspond to concerted fluctua-can be used to identify possible differences in conformations of atoms. The eigenvalues represent the total tional freedom in the systems compared. mean square fluctuation of the system along the corresponding eigenvectors. The eigenvectors are sorted by Molecular Dynamics the size of their corresponding eigenvalues, the ''first'' Two simulations were performed. One, the wild type eigenvector being the one with the largest eigenvalue. (WT), was started from the 10th structure (with the In proteins, there are always only a few (''essential'') DNA removed in the ensemble of the mouse c-Myb eigenvectors with large eigenvalues. Hence, the overall R2R3 structures [PDB entry 1MSF (3)]. The other internal motion of the protein can be adequately de-P140A was started from the same structure but with scribed using only a few degrees of freedom (13) (14) (15) (16) . the proline at position 140 mutated to an alanine. SimWe assume that the more biologically significant mo-ulations were performed using GROMACS v1.51 (19, tions would correspond to the eigenvectors with the 20), with the united-atom forcefield, including a small larger eigenvalues.
change to correct errors in the improper dihedrals of The position of each individual structure along an valine and leucine side chains. Structures were placed eigenvector may be obtained by the projection inside a cubic box (minimum protein-box edge distance of 7.5 Å ) filled with water molecules in an equilibrated q l Å (x 0 »x…)rh l , [2] configuration (21) . The net positive charge of /14 was compensated by replacing 14 water molecules at the where x is a structure (a vector in configurational most negative electrostatic potential with chloride ions. space), »x… is the average structure, h l is an eigenvector This resulted in a system comprising 13,148 atoms (1 and q l is the displacement of the structure along the less for P140A). A few steps of steepest descent energy lth eigenvector with respect to the average structure. minimization (EM) were performed, followed by 5 ps From the definition of the eigenvectors it is also possi-of position-restrained MD. SHAKE (22) was used to ble to obtain the three-dimensional structure corre-restrain bond lengths to their equilibrium values, sponding to a displacement along a single eigenvector: allowing a time step of 2 fs. A pairlist cutoff of 10 Å and a long-range electrostatic cutoff of 12 Å were used.
[3] Temperature (to 300 K) and pressure (to 1.0 atm) coupling (23) were used with coupling constants of 0.1 and 1.0 ps, respectively. The runs were continued for 1 ns In principle any ensemble of structures can be used to build the initial covariance matrix. Previously, mo-each, using identical parameters but without positional restraints. Simulations were performed on an SGI In-each repeat to get within hydrogen bonding distance from the edges of the base pairs. This kind of motion digo 2 with an R10000 CPU. Analysis was performed using the WHAT IF (24) trajectory analysis menus requires hinge-bending residues to produce the torsional rotations necessary for domain reorientation. which use DSSP (25) to determine secondary structure and hydrogen bonds. Figures were made using Mols-These residues were revealed using the shifting-window RMS method (see Methods) ( Fig. 3 ) and by visual cript (26) and Raster3D (27, 28) .
inspection of the eigenvector motions on a graphics Hinge Bending workstation. Apart from the flexible termini, only residues 45-60, corresponding to the linker region beTo quantify visually observed hinge-bending motions tween the two Myb repeats exhibit significant confordescribed by an eigenvector, the two most conformamational fluctuations. Thus, by ED analysis we have tionally distant structures found by projection of the identified a hinge-bending region that may produce the trajectory on the eigenvectors were analyzed using the conformational change necessary for DNA binding and ''shifting-window RMS method'' (15) . In this approach, dissociation. Several mutations have been made in this the two configurations are superimposed using a slidlinker region that produce drastic effects on DNA binding window of X residues (where X, in this case, is 15) ing (6) . To understand what effect one of these mutaand the root mean square deviation (RMSd) of all Ca tions has on the dynamic behavior of the Myb domain, positions in each window is calculated. If the conformawe performed MD simulations of this mutant and comtions of these selected polypeptide chains are similar, a pared ED properties with those of the wild type. low RMSd value is obtained. Peaks in the RMSd values versus the residue number in the middle of the window MD Simulations indicate a local conformational change. Frequently, residues at these peaks are conserved glycines, inOne-nanosecond MD simulations were performed for wild-type (WT) and mutant (P140A) Myb DNA-binding volved in hinge-bending motions (15, 29, 30) .
domains (R2 and R3 repeats) of mouse c-Myb in the absence of DNA, as described under Methods. The first 350 ps were used for equilibration and the last 650 ps
RESULTS AND DISCUSSION
were used in all subsequent analyses. Several geometrical properties were studied to establish that the tra-ED of the c-Myb R2R3 Myb-Domain NMR Cluster jectories represent a fluctuation around a point in configurational space (Fig. 4) . The RMSds with respect to Recently, the NMR structure of the R2R3 Myb-domain DNA complex of c-myb was solved (3). We used the starting structure, number of hydrogen bonds, and number of residues in secondary structure elements the NMR cluster as found in the PDB entry 1MSF to calculate the large concerted motions of the two Myb are stable. The RMSd of the R2 and R3 repeats together is relatively large (Fig. 4) , but superposition of the separepeats directly. The 25 protein structures (N, Ca, C, O atoms only) were extracted from the PDB file and rate repeats shows that this is due to a conformational change during the equilibration period of the simulafitted onto a reference structure (the 10th structure from the cluster). Using this ''trajectory'' of 25 frames, tions. This is probably due to the absence of DNA in the simulation, since the starting NMR structure was a covariance matrix of 1260 dimensions, given by 105 (residues) 1 4 (backbone atoms) 1 3 (Cartesian coordi-in the DNA-bound conformation.
ED analyses of various protein-ligand complexes nates) was calculated and diagonalized. Since only 25 frames were used we can extract only 25 eigenvectors. have shown that a free protein might have larger fluctuations along its essential eigenvectors than the correBy plotting the eigenvalues against their corresponding eigenvectors (Fig. 1 ) a steep eigenvalue curve is sponding protein-ligand complex (15, 30) . Thus if one wants to study the dynamic effects of a mutation, the obtained. There are only a few eigenvectors with relatively large eigenvalues. The motions described by the signal-to-noise ratio may be higher if the protein is simulated without its ligand (in this case, the DNA). first three eigenvectors which together represent more then 50% of the total motion in the NMR cluster are On the other hand, most MD force fields are not able to model protein-nucleic acid interactions accurately shown in Fig. 2 . In all three eigenvectors the two Myb repeats make bending and swiveling motions with re-(31). Since no structure of the free Myb domain is available, we started our simulation from an NMR structure spect to each other, producing a hinge-bending motion. This suggests that the Myb domain may bind to its of the complex, with the DNA molecule deleted. We thus assumed that during the equilibration, the simu-DNA target first with a rather open structure, followed by the hinge closing, which would move the two Myb lated structure would adopt a free Myb domain-like structure. Although Fig. 4 shows that there is indeed repeats closer together and in closer contact with the DNA major groove. This allows the recognition helix of a conformational change on removal of DNA, further R2R3-(N, Ca, C, O atoms only) . Diagonalization of this matrix DNA NMR structure, and the average WT simulation yielded a set of eigenvectors that were directly comstructure were performed to study possible differences pared with those from the NMR cluster by projection. in the structures of the repeats on removal of DNA. Specifically, we compared the first three eigenvectors Table 1 shows that indeed a conformational change is from the NMR structures with all eigenvectors from produced within the repeats themselves in both the the WT simulation. Figure 6 shows that most of the simulated structure and the R2 and R3 NMR struc-NMR motions are reproduced within the first few eitures. Two-dimensional NMR experiments of the free genvectors of the WT simulation. If we take the first R2R3 structure have shown that the third helix of R2 5% of the MD eigenvectors (63 in this case of a 1260-is unstable in solution (9, 10). It has been suggested dimensional covariance matrix), approximately 75% of that this helix is stabilized by DNA binding, in agree-the NMR eigenvectors are covered. This is similar to a ment with the R2R3-DNA NMR structure. Thus, we previous study in which clusters of X-ray structures would expect that on removal of DNA from the R2R3-were used for ED analysis and compared with MD sim-DNA structure and subsequent MD simulation, the ulations (17), given overlap values of 40-60%. Various third helix in R2 would become unstable. Secondary effects could contribute to the fact that the NMR eigenstructure analysis as a function of time (Fig. 5) shows vectors are not completely reproduced by the first 63 that this is indeed the case. While the third helix from MD eigenvectors. For example, MD simulations are un-R3 is stable, the secondary structure of the same helix likely to represent a complete sampling of configurafrom R2 varies significantly. This implies that starting tional space. In addition, as already mentioned, the from the R2R3-DNA structure, the simulation is able structure simulated is free R2R3, whereas the NMR to reproduce experimental data measured for free structure used for comparison is the R2R3-DNA com-R2R3. Thus, we can proceed to study R2R3 dynamic plex, although we have shown above that this is probaproperties.
bly not a major contribution. 
FIG. 2.
View of structures along the first three (from top to bottom) eigenvectors calculated from the cluster of NMR structures. Structures are calculated at the (arbitrary) projections of 05.0 nm (most transparent) and 0.0 and 5.0 nm (least transparent) to clarify the motions described. Helices are blue, except for the DNA recognition helices, which are green. Loops are gray except for the linker region, which is red. In all eigenvectors the motions are between the two repeats, which themselves act as rigid bodies. Eigenvector 1 shows a typical hingebending motion, with the recognition helices more or less moving in a plane. Eigenvector 2 shows a motion where the two repeats move mostly toward each other, with some rotational/bending motion of one of the repeats. Eigenvector 3 shows rotation of one of the repeats more or less around an axis through the recognition helix, whereas the other repeat shows some bending. least 1260 structures are required to fully define a with experimental data provides further validation of the WT MD simulation. 1260-dimensional covariance matrix. Conformational variation in a cluster of NMR structures can be caused ED Analysis of a Hinge-Bending Mutant not only by a large spread on distances actually measured, but also by the lack of distance restraints due As described above, ED analysis of the R2R3-DNA complex NMR cluster of structures has suggested that to incomplete data. Considering all these effects, an overlap of 75% is probably significant. This agreement the linker region may undergo large hinge-bending mo-
FIG. 5.
Secondary structure as a function of time. The time frames from the WT MD simulation were subjected to a DSSP (25) calculation. For every 10th frame the secondary structure assignment is shown .  FIG. 8 . View of structures along the second eigenvector calculated from the concatenated WT and P140A trajectories. Structures are calculated at the (arbitrary) projections of 05.0 nm (most transparent) and 0.0 and 5.0 nm (least transparent) to clarify the motions described. Coloring scheme is the same as in Fig. 2 . The motion seems to involve rotation of the two repeats around the axis of the recognition helix, with some hinge bending between the two domains.
tions. It is likely that this linker region controls the eigenvectors, differences in dynamic behavior are revealed (Fig. 7) .
Because of the conformational change, which can be into binding position with DNA, similar to the dimerization region of other DNA-binding domains. Interest-described simply as a very large concerted motion, between WT and P140A, this eigenvector has the largest ingly, the motif Leu-Asn-Pro-Glu in the linker region is highly conserved across Myb domains from various eigenvalue. Analysis of the fluctuation in the projection, however, shows that this is in fact a rather conorganisms (2, 6) . Proline is the most rigid residue and it is possible that Pro-140, at a central position in the strained direction in the separate simulations. Figure  7 shows that the main difference in fluctuation is conlinker region, is crucial for control of domain motion and orientation. Indeed, site-directed mutagenesis of centrated on eigenvector 2. The fluctuation along this most predominant motion in the WT simulation has this proline showed large effects on DNA binding (6) . Therefore, we chose to study the dynamic properties of been further enhanced (by about threefold) by mutation of a rigid proline to the more flexible alanine. The mothe mutant Pro-140 to Ala (P140A) and compared them with those of wild type.
tion described by eigenvector 2 is depicted in Fig. 8 . Visual comparison with the NMR eigenvectors (Fig. 2 ) The 650-ps P140A simulation (see Methods for simulation details, Fig. 4 for stability analysis) was ana-shows that the motions are similar: the two Myb repeats moving as a rigid body with the linker region lyzed with the ''combined analysis'' method described under Methods. First the WT and P140A trajectories acting as a hinge. Quantitative analysis shows that the motion described by eigenvector 2 is 50% reproduced (N, Ca, C, O) were concatenated, yielding one 1300-ps trajectory. This trajectory was then used to build a by the first 25 NMR eigenvectors (not more than 25 eigenvectors can be extracted from a covariance matrix covariance matrix. An eigenvector/eigenvalue set was obtained by diagonalization. These eigenvectors de-built from 25 structures). This is reminiscent of the overlap of the first 25 WT MD eigenvectors with the scribe directions in configurational space common to both simulations. The two separate 650-ps trajectories first eigenvectors from the NMR cluster (Fig. 6) . Thus, the Pro-Ala mutation enhances a dynamic mode obwere then projected on these ''combined'' eigenvectors. By studying the differences in fluctuation of the projec-served from the NMR data, causing the R2 and R3
domains to fluctuate more with respect to each other. tions of the separate trajectories onto the combined   FIG. 3 . Identification of hinge-bending residues. The shifting-window RMS method (outlined under Methods) was applied for the first three eigenvectors calculated from the NMR cluster. For each eigenvector, the two structures with the minimum and maximum projections (translation) along that eigenvector were used for the superposition. A window size of 15 residues was used.
Two mutants of Pro-140 have been reported (6) . In the for Ala the already flexible linker becomes even more flexible, thus allowing the two domains to move more case of Pro-140-Gly a large change in structure was detected using tryptophan fluorescence quenching and independently with respect to each other. This increase in the magnitude of the fluctuation may have an effect DNA binding was completely abolished. For the Pro-140-Ala mutant, also studied here, even though no on the stability of the complex with DNA. large conformational change was detected, DNA binding was significantly affected. In particular, competi-CONCLUSIONS tion binding experiments showed a faster DNA exchange rate, probably indicating increased rate of dissociation. Our results may provide a possible expla-
The method of ED directly applied to a cluster of NMR structures allows determination of large connation for this observation. On exchange of Pro- 140   FIG. 4 . Analysis of geometrical properties. RMSd with respect to the starting structure (top), number of backbone-backbone hydrogen bonds (middle), and number of residues in random coil conformation (bottom) were analyzed as a function of simulation time. In the top graph the superposition of the full structure as well as the two separate domains is shown. The difference between them shows that the large RMSd for the full structure is caused by a movement of domains with respect to each other, rather than a conformational change within the domains. tide chains or from repeated DNA-binding elements, should be rigid enough with respect to each other to form a thermodynamically and kinetically stable bindcerted motions of atoms on the basis of experimental ing surface, but flexible enough to allow proper DNA data, demonstrated previously for X-ray structures docking. (17) . The application of this method to the NMR strucHinge-bending residues, usually conserved glycines, tures of the mouse c-Myb R2R3 Myb domain revealed a have been identified in other proteins with the ED few concerted motions with large amplitudes, together method (14, 15, 30). A conserved glycine that was describing the motion of the two Myb repeats with rechanged to a serine in the cellular retinol binding prospect to each other. Computer simulation of the wildtein reduced a hinge-bending motion (29) and abolished type Myb domain revealed similar motions; thus, the ligand binding. Our studies of the R2R3 Myb domain ED analysis of the NMR cluster can be used as a have demonstrated that the opposite is also possible; method of validation of the MD simulation.
The linker region between the two Myb repeats, a i.e., increasing hinge-bending by changing the con- 
